A tmospheric formation of sulfate (SO 4 2− ) is linked to primary emissions of sulfur dioxide (SO 2 ) through atmospheric oxidants such as the hydroxyl radical ( • OH), hydrogen peroxide (H 2 O 2 ), ozone (O 3 ) and oxygen (O 2 , catalysed by metals). Ambient SO 4 2formation is chemically linked with nitrogen oxides (NO x ) and volatile organic compounds through these oxidants. Two fundamental SO 4 2formation regimes-designated as the low-and high-NO x regimes-have been previously identified 1,2 . In the low-NO x regime, NO x serve as catalyst to recycle HO x radicals ( • OH and HO 2 • ), from which • OH and H 2 O 2 oxidize SO 2 in the gas phase or S(iv) in the aqueous phase. In the high-NO x regime, NO 2 acts as a sink for • OH, thereby constraining SO 4 2− formation from the • OH and H 2 O 2 channels. Observed SO 4 2− concentrations are consistent with the above two NO x regimes in many cases; however, the exceptionally high formation rate and/or high concentrations of SO 4 2− that are observed during haze-fog episodes frequently encountered in Chinese megacities 3-10 could not be explained by the two recognized formation regimes. Haze-fog conditions refer to fog events that are also accompanied by high levels of aerosol loading, in which the liquid water content can range from a few to greater than one-hundred milligrams per cubic metre. Typical fogwater pH levels observed during haze-fog events in Chinese megacities are in the range of 4.7-6.9 (refs. 7,10-13 ).
A tmospheric formation of sulfate (SO 4 2− ) is linked to primary emissions of sulfur dioxide (SO 2 ) through atmospheric oxidants such as the hydroxyl radical ( • OH), hydrogen peroxide (H 2 O 2 ), ozone (O 3 ) and oxygen (O 2 , catalysed by metals). Ambient SO 4 2formation is chemically linked with nitrogen oxides (NO x ) and volatile organic compounds through these oxidants. Two fundamental SO 4 2formation regimes-designated as the low-and high-NO x regimes-have been previously identified 1,2 . In the low-NO x regime, NO x serve as catalyst to recycle HO x radicals ( • OH and HO 2 • ), from which • OH and H 2 O 2 oxidize SO 2 in the gas phase or S(iv) in the aqueous phase. In the high-NO x regime, NO 2 acts as a sink for • OH, thereby constraining SO 4 2− formation from the • OH and H 2 O 2 channels. Observed SO 4 2− concentrations are consistent with the above two NO x regimes in many cases; however, the exceptionally high formation rate and/or high concentrations of SO 4 2− that are observed during haze-fog episodes frequently encountered in Chinese megacities [3] [4] [5] [6] [7] [8] [9] [10] could not be explained by the two recognized formation regimes. Haze-fog conditions refer to fog events that are also accompanied by high levels of aerosol loading, in which the liquid water content can range from a few to greater than one-hundred milligrams per cubic metre. Typical fogwater pH levels observed during haze-fog events in Chinese megacities are in the range of 4.7-6.9 (refs. 7, [10] [11] [12] [13] .
Previous work has demonstrated that dissolved NO 2 can serve as an oxidant, leading to rapid SO 4 2− formation during such haze-fog episodes 7, [10] [11] [12] [13] . The multiple roles played by NO 2 (namely, as a catalyst for the formation of HO x radicals in the low-NO x regime, a sink for HO x radicals in the high-NO x regime and an oxidant for SO 2 in the aqueous phase) have important implications in assessing the impact of SO 2 and NO x emission control measures on ambient SO 4 2- production. Although it is generally understood that meteorological conditions and relative proportions and concentrations of chemical precursors dictate the atmospheric oxidation of SO 2 , a coherent description of SO 4 2formation under haze and haze-fog conditions across chemical regimes is lacking.
Sulfate contributes up to one-third of the total annual average mass of PM 2.5 (particulate matter less than 2.5 micrometres in aerodynamic diameter) in Chinese megacities (for example, Shanghai, Guangzhou, Beijing) [5] [6] [7] [13] [14] [15] [16] [17] and SO 4 2− concentrations have attained levels of 300 µg m −3 in the aerosol phase and 41,000 μeq l −1 in the aqueous phase in well-publicized haze episodes 6, 10, 18, 19 . Such levels far exceed the World Health Organization 24 h air-quality PM 2.5 guideline of 25 µg m −3 . Despite the fact that SO 2 emissions in China have decreased since regulations for desulfurization of coal-fired power plants were implemented in 2008, and that NO x emissions have been decreasing since 2012 8 , Chinese megacities continue to experience prolonged haze-fog episodes that are characterized by high concentrations of SO 4 2− in fog water 6, 9, 18 . To maintain the observed high levels of SO 4 2− (for example, 41,000 µeq l −1 ), a production rate in the range of 9.6 µg m −3 h −1 is required to compensate for the rapid loss due to surface deposition (see Methods). Figure 1 shows pairs of SO 2 and NO 2 concentrations that are observed at levels of ~80 ppb during haze-fog episodes, as compared with other worldwide measurements that are as low as a few parts per billion in rural US locations. The extreme SO 2 and NO 2 levels in Chinese megacities reflect extensive consumption of fossil fuels coupled with diminished atmospheric dispersion. Exceptionally high NO 2 levels and reduced solar flux during these episodes serve to circumvent • OH-and H 2 O 2 -dominated routes to SO 4 2− production and impede photochemical production of O 3 . Furthermore, any O 3 present in the atmosphere is effectively titrated away at the high levels of NO. This set of conditions favourably promotes the S(iv) reaction with dissolved NO 2 , which is facilitated at higher pH levels present in fog droplets. ) in the atmosphere is linked chemically to its direct precursor, sulfur dioxide (SO 2 ), through several key oxidation paths for which nitrogen oxides or NO x (NO and NO 2 ) play essential roles. Here we present a coherent description of the dependence of SO 4 2formation on SO 2 and NO x under haze-fog conditions, in which fog events are accompanied by high aerosol loadings and fog-water pH in the range of 4.7-6.9. Three SO 4 2formation regimes emerge as defined by the role played by NO x . In the low-NO x regime, NO x act as catalyst for HO x , which is a major oxidant for SO 2 , whereas in the high-NO x regime, NO 2 is a sink for HO x . Moreover, at highly elevated NO x levels, a so-called NO 2 -oxidant regime exists in which aqueous NO 2 serves as the dominant oxidant of SO 2 . This regime also exists under clean fog conditions but is less prominent. Sensitivity calculations using an emission-driven box model show that the reduction of SO 4 2is comparably sensitive to the reduction of SO 2 and NO x emissions in the NO 2 -oxidant regime, suggesting a co-reduction strategy. Formation of SO 4 2− is relatively insensitive to NO x reduction in the low-NO x regime, whereas reduction of NO x actually leads to increased SO 4 2production in the intermediate high-NO x regime.
Efficient control of atmospheric sulfate production based on three formation regimes
Here we perform chemical simulations that are carried out with an emissions-driven atmospheric box model that incorporates detailed SO 2 oxidation chemistry to derive SO 4 2production isopleth diagrams over the full spectrum of atmospheric SO 2 oxidation conditions. Nine oxidation pathways are considered, namely gas-phase oxidation of SO 2 by • OH and Crigee radicals; aqueousphase oxidation by H 2 O 2 (aq.); dissolved O 2 in the presence of metal catalysts; • OH(aq.), organic peroxide (aq.), O 3 (aq.) and NO 2 (aq.); and heterogeneous reaction of SO 2 on aerosol surface. The isopleths reveal the complex chemical space of SO 4 2− formation and allow one to evaluate the impact of emission controls on ambient SO 4 2− production. Sulfate formation over the SO 2 oxidation space is examined by systematically varying the effective emission rates of SO 2 and NO x , which range from 0.01 to 20 ppb h −1 for haze-and clean-fog scenarios (Figs. 2 and 3). Oxidation regimes are delineated by curves that connect the transition points of SO 4 2− production isopleths. Three SO 4 2formation regimes emerge on the basis of the inflections in the SO 4 2production rates as the NO x emission rate increases.
So 4 2production regimes under haze-fog conditions
The simulations in Fig. 2 are based on typical haze-fog atmospheric physical conditions (for example, low solar flux and a fog droplet pH of 5.6) that are encountered in the southern Chinese megacity of Guangzhou in the winter. The daily averaged NO 2 and SO 2 concentrations are overlaid on the simulated SO 4 2− production isopleths. The pairs of global SO 2 and NO 2 observations shown in Fig. 1 are also delineated in Fig. 2 , providing approximate mapping of ambient NO x and SO 2 conditions in the three SO 4 2− formation regimes. Supplementary Fig. 3 reproduces the SO 4 2isopleths in Fig. 2 , but highlights the dominant SO 2 oxidant in their respective zones (for example, the blue zone is characterized by O 3 as the dominant oxidant, and the yellow zone by NO 2 (aq.)).
In the low-NO x regime, the shape of the SO 4 2− production isopleths indicates that an increase of NO x emissions favours the production of SO 4 2− as the NO x emission rate increases. Under low-NO x conditions, an increase of NO x emissions leads to diminished peroxy-peroxy radical reactions, promoting the formation of O 3 . In this regime, the pairs of effective NO x and SO 2 emission rates vary from (0.02, 0.01) to (0.9, 20) under the conditions of the simulation (all in units of ppb h −1 ). Correspondingly, the simulated pairs of the daily averaged NO 2 and SO 2 mixing ratio vary from (<1, <0.05) to (7.4, 80) ppb. Pairs of SO 2 and NO 2 measurements from rural areas in the US generally fall into the left-most region of the low-NO x regime (although their actual atmospheric physical conditions may not be appropriate to place them under haze-fog conditions) and the SO 4 2− production rate is generally <0.3 µg m −3 h −1 . Of the nine oxidation pathways, the reaction of S(iv) with dissolved O 3 -or the metal-catalysed reaction of S(iv) with dissolved O 2 -exhibits the largest contribution to SO 4 2− production ( Supplementary Fig. 3 production rates under NO x and SO 2 emission levels ranging from 0.1-20 ppb h -1 . The thick curves show isopleths of the SO 4 2− production rates, and numbers on the curves (for example, 0.5, 1) are SO 4 2− production rates (µg m −3 h −1 ). The solid and dashed curves are isopleths of the daily averaged NO 2 and SO 2 concentration, respectively. The data points represent NO 2 and SO 2 levels observed worldwide (Fig. 1a ). The solid red and pink lines delineate three individual SO 4 2− formation regimes. b, SO 4 2− production rates under lower NO x and SO 2 emission levels.
high concentrations of metal ions in fog water (for example, ~0.5 mg l -1 Mn 2+ and ~0.3 mg l -1 Fe 3+ ).
As the NO x emission rate increases, the production of SO 4 2− crosses into the high-NO x regime, in which an increase of NO x emissions actually suppresses the production of SO 4 2−
. At the upper boundary of this regime, the associated effective NO x emission rates are ≤4 ppb h −1 at all SO 2 emission rate levels, and the corresponding NO 2 mixing ratio is generally <35 ppb. Worldwide urban NO 2 and SO 2 levels fall predominantly in the high-NO x regime of Fig. 2 . Had the other conditions (for example, volatile organic compounds, aerosol surface area and so on) been similar to those modelled here, the simulated SO 4 2− production rates would occupy the left-most region of this regime and be less than 1.0 µg m −3 h −1 while under the NO 2 and SO 2 conditions that are observed in US/European cities. By contrast, SO 2 and NO 2 concentrations observed in Chinese megacities are located in the middle of the high-NO x regime, where the associated SO 2 emission rates range from ~0.8 to 5 ppb h −1 , leading to SO 4 2− production rates of 1.0-3.7 µg m −3 h −1 . Supplementary  Fig. 3 shows that reaction of S(iv) with dissolved O 3 is the dominant pathway for SO 4 2− production in the high-NO x regime. At increasingly high levels of NO x emissions, the removal of HO x by reaction of NO 2 with • OH is promoted, which impedes the production of O 3 . The ambient O 3 concentration decreases and concomitant contribution to SO 4 2formation by the S(iv) + O 3 (aq.) pathway decreases as a result, whereas the NO 2 concentration and the S(iv) + NO 2 (aq.) contribution to SO 4 2− production both increase. Sulfate production passes into the NO 2 -oxidant regime at higher levels of NO x emissions. The decreasing contribution from the S(iv) + O 3 pathway is compensated for by the S(iv) + NO 2 (aq.) pathway, which becomes the largest contributor to SO 4 2− production ( Supplementary Fig. 3 ). This SO 2 oxidation pathway (which tends to be neglected owing to the limited solubility of NO 2 ) emerges as the major pathway in an environment that is characterized by a cocktail of high NO 2 and SO 2 concentrations and high aqueous-phase pH 13 . The associated NO 2 mixing ratio in the NO 2 -oxidant regime generally exceeds 35 ppb. The NO 2 and SO 2 concentrations observed during haze and haze-fog episodes in Chinese megacities (data points in red in Fig. 2 ) generally reside in the NO 2 -oxidant regime. The predicted ambient SO 4 2− production rates are among the highest, varying from 1.0 to 6.4 µg m −3 h −1 for SO 2 and NO 2 conditions during haze episodes, and from 4 to 12 µg m −3 h −1 for haze-fog episodes, encompassing the production rate of 9.6 µg SO 4 2− m −3 h −1 that is required to reach the observed high level of 41,000 µeq l −1 in hazefog episodes 19 (see Methods).
The solid pink line in Fig. 2 connects the maximum point of the mirrored S-shaped individual isopleths. This line effectively identifies the minimum SO 4 2− production rate that can be reached at a given SO 2 emission rate in the NO 2 -oxidant and high-NO x regimes; that is, if the NO x emission rate is either increased or decreased, the SO 4 2− production rate at that SO 2 emission level increases. Previous case studies suggest that controlling NO x emissions might favour SO 4 2− reduction during haze or haze-fog episodes 10, 13 . The present results, however, indicate otherwise: reduction of NO x emissions leads to an elevation of the concentration of O 3 , which emerges as an important oxidant for SO 4 2− production at high aqueous pH. The location of the pink line in Fig. 2 is therefore relevant with respect to a control policy to reduce SO 4 2− levels, particularly in polluted environments in Chinese megacities and under meteorological conditions that are conducive to fog formation. Finally, the pink dashed line located at the boundary of the high-NO x regime of Supplementary Fig. 3 indicates the transition at which the S(iv) + NO 2 (aq.) formation pathway becomes more important than the S(iv) + O 3 (aq.) pathway. Reducing NO x should remain a longterm policy while knowledge of the complexity of the dependence of SO 4 2formation on NO x emissions offers a guidepost to finding the optimal policy solution.
We note that pH in the course of the haze/fog event is not a fixed value; it would decrease as more SO 4 2is formed. A simulation that includes constant ammonia emissions shows that uptake of ammonia would maintain the pH within 0.2 units from the average value. The simplified treatment of adopting a fixed pH in the modelling set-up would therefore be unlikely to distort the overall demarcation of the SO 4 2formation chemical space. We also notice that the low-and the high-NO x regimes identified in the SO 4 2formation chemical space does not equate to those in the O 3 production regimes 21, 22 ; however, there are similarities. In both paradigms, the target secondary pollutant (O 3 or SO 4 2-) is driven by increased NO x in the low-NO x regime and limited by NO x in the high-NO x regime (Supplementary Text 1).
Sulfate production regimes under clean fog conditions
In comparison with haze-fog conditions, the clean-fog scenario is characterized by higher solar radiation, lower aqueous pH, lower particle loadings and lower metal ion concentrations (Supplementary Table 2 ). Under clean-fog conditions, SO 4 2formation is also characterized by three regimes associated with the threefold role of NO 2 in the NO x -SO 2 emission space ( Fig. 3 ). In the clean-fog scenario, the simulations are based on meteorological and pollutant conditions that characterize a fog event in central Pennsylvania in the US 23 . Supplementary Fig. 4 reproduces the SO 4 2isopleths in Fig. 3 , but highlighting the dominant SO 2 oxidant in their respective zones. Aqueous pH proves to be a key factor in defining the NO x emission boundary for the NO 2oxidant regime, as the S(iv) + NO 2 (aq.) reaction rate is more than one order of magnitude greater in haze-fog (pH = 5.6) as compared to clean-fog (pH = 4.7) conditions (see Methods). The dependence of the aqueous SO 4 2formation pathways on aqueous phase pH is shown in Supplementary Fig. 5 ; SO 4 2− production isopleths are relatively insensitive to changes in NO x emissions above ~5 ppb h −1 while under these conditions. The annual averages of SO 2 and NO 2 shown in Fig. 1 fall into the high-NO x regime, with one exception being those observed at rural sites in the US, which fall into the lower-left region of the low-NO x regime (Fig. 3 ). Those measured during haze or haze-fog episodes in China reside in the upper-right region of the high-NO x regime and the NO 2 -oxidant regime. SO 4 2− production rates under clean-fog conditions are one order of magnitude lower than those predicted under typical haze-fog conditions owing to the combined effects of decreasing SO 2 solubility and decreasing oxidation rates of S(iv) by NO 2 and O 3 at the lower, aqueous pH. Of the nine SO 4 2formation pathways, gasphase oxidation of SO 2 by • OH and oxidation of S(iv) by H 2 O 2 or dissolved • OH in the aqueous phase are dominant for SO 4 2− formation ( Supplementary Fig. 4 ), consistent with predictions on the global scale 1,2 .
Sensitivity of So 4 2production to emission reductions
Based on the chemical simulations, it is possible to estimate the sensitivity of SO 4 2− production as a function of NO x and SO 2 emission rates by examining the relative incremental response (RIR) of each control simulation and comparing the SO 4 2− production rate in each scenario before and after implementation of control strategies. We define RIR(X) as the change of the SO 4 2− production rate in response to a 1% reduction in effective NO x or SO 2 emissions,
where F(X) represents the SO 4 2− production rate that corresponds to NO x or SO 2 at the emission rate S(X), and F(X-ΔX) represents the SO 4 2− production rate that corresponds to NO x or SO 2 at the emission rate of S(X)-ΔS(X). A positive RIR(X) value represents a reduction in SO 4 2production. For the sensitivity tests presented here, ΔS(X)/S(X) is set to 0.01; thus, larger values of RIR(X) correspond to how increasingly effective the reduction of NO x or SO 2 is at leading to decreased SO 4 2− production. Absolute changes of SO 4 2− production in response to reduction of NO x or SO 2 emissions (Δx = 0.01 ppb h −1 ) are presented in Supplementary Fig. 6 . SO 4 2− production rates decrease with the reduction of SO 2 emissions in all of the scenarios, which is expected under typical haze-fog conditions (Fig. 4) . The largest values of RIR ðSO2Þ I are predicted in urban China scenarios, with a value of ~1.17; that is, each 1% decrease in SO 2 emissions results in 1.17% reduction in SO 4 2− production. Positive RIR ðNOxÞ I values for simulations of the NO 2 and SO 2 paired concentrations that are observed in rural US/Europe and haze and haze-fog in Chinese megacities indicate that a decrease of NO x emissions results in a decrease of SO 4 2− production, whereas negative values of RIR ðNOxÞ I for simulations of NO 2 and SO 2 paired concentrations that are observed in urban US/Europe and urban China indicate that a decrease of NO x emissions results in an increase of SO 4 2− production in these scenarios. The largest value of RIR ðNOxÞ I (0.84) is predicted at NO 2 and SO 2 concentrations that correspond to those observed during haze episodes, exceeding the value of RIR ðSO2Þ I (0.78) for the same scenario (haze China). These results suggest that reduction of NO x emissions under these conditions is more effective than reduction of SO 2 emissions on a per-mass basis.
implications
The current study provides a coherent view of atmospheric SO 4
2-
formation under haze-fog and clean-fog conditions across the comprehensive spectrum and level of atmospheric oxidants. The NO 2 -oxidant regime can explain aqueous-phase SO 4 2− production in a predominant haze-fog environment that is characterized by high effective NO x and SO 2 emissions, low solar radiation and high aqueous-phase pH. The NO 2 -oxidant regime is not necessarily limited to haze-fog episodes, but is also relevant in haze episodes for which the aqueous phase (for example, cloud) may exist a few hundred metres above ground near the top of the planetary boundary layer. For example, vertical profiles of SO 2 and NO 2 concentrations are not distinctly different between 1 and 320 m altitude in urban Beijing under polluted winter conditions 24 .
The NO 2 -oxidant regime may also be relevant to aqueous reactions on aerosol surfaces during severe haze episodes 10 in the presence of substantial reaction rates between dissolved NO 2 and S(iv). Recently, Cheng et al. 10 suggested aerosol water could serve as a sufficient medium for reaction of dissolved NO 2 with S(iv) to form SO 4 2− and that this mechanism could explain high SO 4 2− concentrations (up to ~300 µg m −3 ) observed during haze episodes in north China. This pathway is not included in the present simulation because the aerosol water content (0.3 mg m −3 ) is negligible when compared with the haze-fog aqueous phase content (40 mg m −3 ). Liu et al. 25 suggested that the pathway proposed by Cheng et al. 10 should be reconsidered because the pH in aerosol liquid water estimated during the haze episode in northern China (3.0-4.9) was considerably lower than that in the study of Cheng et al. (5.4-6.2) . According to our estimate, this pathway can contribute at most 0.7 µg m −3 h −1 during severe haze episodes (that is, pH = 5.8, [SO 2 ] = 40 ppb and [NO 2 ] = 66 ppb) 10 , when mass transfer limitations are not accounted for ( Supplementary Text 1) . However, if a relatively high reaction rate of S (IV) + NO 2 occurs (for example, 1.24 × 10 7 -2.95 × 10 7 M −1 s −1 reported by Clifton et al. 26 ) while at a high aqueous phase pH (for example 5.8), the mechanism proposed by Cheng et al. 10 can explain SO 4 2− formation during haze episodes. In the past decade, an increasing number of studies have emerged that report observations of haze events that are characteristic of high NO x and high SO 4 2-(Supplementary Table 11 ). The observations strongly suggest the relevance of the NO x -oxidant regime under haze conditions, for which the importance of the NO 2 (aq.) oxidation pathway was corroborated by 17 O isotopic measurements 27 or by chemical transport modelling investigation [28] [29] [30] . Future modelling of the role of S(iv) + NO 2 (aq.) under haze conditions and hazefog conditions using a dynamic pH calculation, when coupled with detailed observational data that serve as constraints (for example, relative humidity, temperature, SO 2 , NO x , NH 3 , SO 4 2and other PM composition), offers opportunities to more precisely determine the boundary of the NO 2 -oxidant regime.
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Methods
A zero-dimensional box model was formulated and used to simulate SO 4 2− production rates as a function of the effective emission rates of NO x and SO 2 . This emission-based box model includes 61 gas-phase and 26 aqueous-phase species (Supplementary Tables 4 and 5) , and shares a similar framework with an observational box model introduced previously 13 . The CB05 gas-phase chemical mechanism was adopted, to which a gas-phase reaction of Criegee intermediates with SO 2 has been added 13 . An aqueous-phase SO 4 2− production mechanism is implemented (Supplementary Table 6 ). The second-order rate constant for S(iv) oxidation by dissolved NO 2 (k ðNO2Þ I in equation (1)) was set as 2 × 10 6 M −1 s −1 at pH = 5.6, which is the lower limit measured by Lee and Schwartz 31 at pH values between 5.8 and 6.4,
Considerably higher values of k ðNO2Þ I ; that is, 1.24 × 10 7 M −1 s −1 at pH = 5 and 2.95 × 10 7 M −1 s −1 at pH = 13 were reported by Clifton et al. 26 by monitoring the decay of NO 2 by pulse radiolysis. However, these values are not adopted here because the formation of an addition complex (O 2 NOSO 2 2− ) may have interfered with the NO 2 decay measurement, leading to an overestimation of the rate constant 32 .
The time-dependent concentration of species i in the gas phase is governed by the conservation equation:
where dC gi /dt represents the increase/decrease in rate of species i in the gas phase at time t; E gi represents the rate of emission of i in the gas phase; P gi and L gi represent the chemical production and consumption rates of i in the gas phase, respectively; the fourth term on the right hand side (RHS) represents the rate of transfer of i between the gas and aqueous phases (given below by equations (4) and (5)); the fifth term on the RHS represents the production or destruction of gas phase i on aerosol surfaces (given below by equation (8)); the sixth term on the RHS represents dry deposition of gas-phase i, where V gi is the deposition velocity (m s -1 ; Supplementary  Table 7 ) and h(t) is the atmospheric mixing depth at t (in metres); and the last term represents the loss/gain of i in the gas phase as the mixing height varies. Similarly, the time-dependent concentration of i in the aqueous phase is governed by the conservation equation:
where dC aqi /dt represents the increase/decrease in the rate of i in the aqueous phase at t; P aqi and L aqi represent the chemical production and consumption rates of i in the aqueous phase, respectively; W aqi is the wet deposition velocity rate of i in the aqueous phase (0.015 m s −1 ); and the last term represents the loss/gain of i in the aqueous phase as the mixing height varies.
The following equations describe the rate of transfer of chemical species between the gas and aqueous phases,
where C aqi and C gi represent the aqueous-(mol l −1 , volume of solution) and gas-phase (mol dm −3 , volume of air) concentrations of species i, respectively; k i(g-aq) represents the mass transfer coefficient (s −1 ); LWC represents the liquid water content (vol/vol); R g represents the gas constant (l atm mol −1 K −1 ); T is the temperature in K; and H i represents Henry's law constant of species i in (mol l −1 atm −1 ). Following Warneck 33 , the mass transfer coefficient k i(g-aq) for soluble i is determined by
where r α is the fog droplet radius; D gi is the gas-phase diffusion coefficient (m 2 s −1 ; Supplementary Table 8 ); α gi is the mass accommodation coefficient of i (Supplementary Table 9 ); and v gi is the mean thermal velocity for i in the gas phase,
Here, M i is the molecular weight of i. Eight heterogeneous reactions are implemented in the model, including reactions that involve H 2 O 2 , HNO 3 , N 2 O 5 , NO 3 , O 3 , • OH and SO 2 . The first-order reaction rate constant k (gi) (s −1 ) for species i is given by
where d p is particle diameter (in metres); γ gi is the uptake coefficient of gas species i; and S p is the surface area density of aerosol (m 2 m -3 ). In this study, S p was set to be 2.21 × 10 −3 m 2 m −3 , which was approximated on the basis of the particle size distributions measured during a severe haze-fog episode in eastern China 9 . Previous studies had reported a wide range of γ SO2 I values, varying from 1 × 10 −4 to 0.1. Here, γ SO2 I was set as 5 × 10 −4 , following the study of Fairlie et al. 34 . For simulation of haze-fog episodes, physical parameters were based on climatological and meteorological conditions during typical haze-fog episodes in Guangzhou, a Chinese megacity. Over the day, T was set to range between 17-20 °C. The atmospheric mixing height (h) was set at 300 m during the night and 450 m at noon. A polynomial (n = 2) regression was used to interpolate H(t) over the intervening time. Diurnal variations of T and H(t) are shown in Supplementary  Fig. 7 . During haze and haze-fog episodes, suspended aerosols and/or droplets reduce solar radiation at the ground level. Hourly zenith angles were calculated and used to simulate photolysis reactions during haze-fog episodes. The regression equation developed by Trebs et al. 35 was used to calculate the on-site photolysis frequency of NO 2 (J ðNO2 Þ I ),
where G is the observed solar radiation rate during haze-fog episodes (W m -2 ); β is the ultraviolet surface albedo, set to 0.05; and B 1 and B 2 are constants, 1.47 × 10 −5 m 2 W −1 s −1 and -4.84 × 10 −9 m 4 W −2 s −1 , respectively. Hourly zenith angles were calculated using a polynomial regression equation (n = 5) that is based on zenith angles as a function of J ðNO2 Þ I values measured under clear-sky conditions. Hourly zenith angles under clear-sky conditions and the zenith angles under hazefog conditions are compared in Supplementary Fig. 8 .
Microphysical properties of fog droplets were specified on the basis of measurements in haze-fog episodes in Nanjing, China 6 ; r ɑ was set as 5 μm, which is among the lower values observed 6, 36 . Smaller fog droplets favour higher ambient SO 4 2− levels because they are accompanied by less substantial mass transport limitation and therefore enhance in-droplet production of SO 4 2− . A smaller value of r ɑ also corresponds to lower fog droplet deposition rates and a higher SO 4 2− concentration in the atmosphere 23, 37 . L is set to be 40 mg m −3 , which is a typical value that is observed during haze-fog episodes in Nanjing 6 . Fog water was assumed to exist throughout the entire modelling period.
The SO 4 2− production rate required to balance the maximum SO 4 2− concentration (41,000 μeq l −1 ) that is observed in fog water was calculated as:
where C SO4 2À I is the SO 4 2− concentration in fog water (μeq l −1 ); M SO4 2À I is the molecular weight of SO 4 2− ; V i represents the deposition velocity rate of fog water, which was set to be 1.5 cm s −1 following Herckes et al. 37 ; and H represents the mixing height (in metres). If we assume that the mixing height was 450 m, a production rate as high as 9.6 µg m −3 h −1 is required to compensate for the rapid removal process due to fog droplet deposition.
Simulations were conducted by systematically varying the effective emission rates of SO 2 and NO x from 0.01 to 20 ppb h −1 at intervals of 0.01 ppb h −1 below 0.1 ppb h −1 , 0.1 ppb h −1 below 1 ppb h −1 and 1 ppb h −1 above 1 ppb h −1 (emission rates of other species are given in Supplementary Table 1 , along with a complete list of parameters). A one-day simulation was used for spinning-up the model to achieve reasonable initial concentrations, and the simulation results of the second day were then integrated and presented in this paper.
The pH of the fog water was set to be 5.6, which is the average measured value in Guangzhou during haze-fog episodes 19 , and among the lowest average pH of fog water measured in three Chinese megacities; that is, Nanjing (5.9), Guangzhou (5.6) and Shanghai (5.97) ( Supplementary Table 10 ) 6, 18, 19 The elevated fog-water pH is attributed to a high abundance of Ca 2+ from resuspended road dust and construction activity 13 ; Ca 2+ could also come from automobile sources as calcium is commonly added to lubricating oil to reduce the build up of acidity 38 . The NO 2 / NO emissions ratio was set as 5.3/94.7 (that is, f ðNO2Þ I , the mole fraction of NO 2 in NO x = 5.3%), which was the average value measured in 1867 vehicle emission plumes 39 . Sensitivity tests indicate when f ðNO2Þ I doubles from 5.3% to 10.6%, the SO 4 2− formation rate from the NO 2 (aq.) oxidant pathway increases by 20% and this enhancement leads to 10% increase in the overall SO 4 2formation rate ( Supplementary Fig. 9 ). SO 4 2− formation occurs via nine pathways, including gas-phase reactions of SO 2 with • OH and Criegee intermediates; aqueous phase reactions of S(iv) with dissolved NO 2 , dissolved O 3 , dissolved • OH, dissolved H 2 O 2 , dissolved O 2 catalysed by Fe(iii) and Mn(ii) (together as a metal pathway), and organic peroxides (for example, CH 3 OOH); and heterogeneous formation of SO 4 2− on particle surfaces ( Supplementary Fig. 10 ).
Under typical haze-fog conditions, the high concentration of NO 2 effectively consumes • OH and therefore suppresses SO 4 2− formation through the reactions of SO 2 with • OH and S(iv) with H 2 O 2 . Here, a previously developed observationbased model for secondary inorganic aerosols was used to estimate • OH and H 2 O 2 concentration during the haze-fog episodes in Guangzhou 13 . The observationbased model adopts real-time observations of atmospheric major components (for example NO x , volatile organic compounds and O 3 ) and meteorological parameters (for example, solar radiation and temperature) to predict the unmeasured chemical components such as HO x and H 2 O 2 . Supplementary Fig. 11 shows the diurnal variation of • OH and H 2 O 2 predicted by the observation-based model for secondary inorganic aerosols. Both • OH and H 2 O 2 are predicted to have peaked at 2 pm and their maximum concentrations were 2.5-8.9 × 10 5 and 2-400 × 10 2 molecules per cm 3 , respectively. Higher noontime • OH concentrations of on average 2.4 × 10 6 molecules per cm 3 have been measured during severe air pollution events in Beijing 40 . The impact of a higher • OH level was examined in Supplementary Text 3 and was determined to fall far short of accounting for the rapid formation of SO 4 2under haze-fog conditions. We note that HONO is produced in the process of SO 4 2production through the NO 2 (aq.) oxidation pathway; however its subsequent chemistry is unlikely to be important under the limited solar radiation in haze/fog conditions and is therefore not considered. In comparison with warm temperature conditions modelled here for typical haze-fog episodes in Guangzhou, the colder temperatures in northern China would increase the relative importance of the NO 2 oxidation pathway under haze-fog conditions. We also refer readers to Xue et al 13 for results of sensitivity tests to additional model variables (for example, r α , L and so on).
The parameters chosen for simulation of clean-fog scenarios are in accord with climatological and meteorological conditions encountered during a fog event at a rural site in central Pennsylvania, USA (Supplementary Table 1 ) 23 .
